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A Chemical Precursor to Opttcaf Damage?
Stud!es by Laser lonlzat.Ion Mass Spectrometry

N, S. Nogar and R. C. Estlers

ChemlcaJ and Laser Sciences Dlvtsion
Los Alamos NaUonal bboratory
LOS Akirno.% New hfe.?dco 87545

●Penrmnent Address: Department of Chernlst-ry
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Durango. Colorado 81301

Mass spectrometry has been used in conjunction with Nomarskt microscopy to
characterize the initiation of opttcal damage in seiected commercial optics. For a s,arn.
ple with a A120~/Si02 multilayer coaUng (351 run) on a S1 substrate, our results suggest
layer by !ayer removal of the coating material wtt!! low-fluence trradiatlon at 1.06 y, in
addition, caxbon Irnpurttles were observed tn the low-damage threshold sample, For the
SclOq/SiOQ inu!tllayer coated (351 nm) 7940 substrates, transient iron signals W*CW
obscned at each mcreasmg :l:~ence level, mth concomltanc appearance of small circular
(10 @ pits in the surtkme. I%ese pits were also associated with macxoscoplc damage
features due to threshold tesung
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1. Introduction

13pucaJ damage k often assumed to lnltiate by a locail.zed atworptton at chemical or physical
defect sites in ot-heiwisc damage-resistant opUcal ccaUngs and substrates 1”3 Ropaqation of
darnage through either thermal runaway or avaianche-breakdown mechanism can he modeled
once an lnittal source of electrons. beaked high field, or thermal evaporation Is Identltled.q”e
Small levcl~ of chemical lm urtttes lncludtng residual polishing compound and absorbing lrl-

J’clustons. or physical lmpe ecUons. such as grain boundaries or m!soriented mIcrocrystds, are
among the candidates for IrWation tMes.7 While the pa.rUclpaUon of these source defects has
long been assumed. there has been surprlstngly little direct evidence to support their existence.
In most prevtous studies, the identity and corcentrd.ton of these defects was unknown, and In
those cases where chemical Lrnpurltlcs were observed. there was usually IIttle evtdence of a one-
to-cme correspondence between the defects and the onset of optical damage.

We report here a rrms spectral study of damage ~n two sets of commercial optics, Mass
spectroscopy has been used previously to c,xmnlrre the adsorption of surface contaminants on
optkaf materlafs, e and to charactetic the dynamics of macroscopic damage events, g, lo In the
present work, we have identified, tJTat Ienst one case, a chemical contaminant associated wtth
initJatlon of the damage mwnt.

2, Experimental



secured in a holder attached to a 15-cm stainless steel rod for mounting wtthin the mass spec-
trometer vacuum can. The substrates were placed near (1,5-3 cm) the source regions m both
mass spectrometer systems. and were m@pulated by mounting the rods on a rotation-push/pull
feedthrough (Varian Model 137!). The samples could thereby be rotated so as to provide a fresh
surface for exposure to the laser beam.

Nomarskl rnicrographs were taken of the samples both before and after exposure, using a
commercial microscope (Nikon). Images were recorded on Polaroid Type 53 film. A sertes of
alignment marks on the samples were used to locate the photographed sites. ,

The source region of the QMS (Extrel. C-SO) was equipped with an axial ionizer modified to
allow a variety of laser/substrate tnteract.tons. In one configuration, the high intensity laser beam
passed through the ionizer, radiating the substiate at normal incidence. 11 l%e spa.lled material
was ejected perpendicular to the quadrapole axis. In a second geometry, the substrate was
mounted on the axIs of the quadrapole. The desorptton laser hit the surface at a q$degree
incidence angle. ejecUng the spalled mateflal directly along the QMS trajectory axis (Fig 1).
@A.ttatively, both ammgements produced ‘he same results. however. the axial confi~xatlon was
several orders of magnitude more sensitive in detecting desorbed species. Prim~ ions pro-
duced by the damaging laser were detected by tumtng off the electron tmpact ionizer. while
survey electron impact mass specti J were typically acquired at an energy of 70 eV. Ions were
detected by a channel-electron multiplier, and the signal amplified and detected by a boxcar
integrator (PARC 162/ 164) synchronized to the output of the desorptton/ablaUon laser. Umt
mass resoluUon Is possible with this apparatus throughout the range of interest, 4-200 au. A
base pressure of S1 x 10-8 Torr was maintained m this vacuum chamber by an ion. pump and/or
turbomolecular pump.
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The source region of the TOF altowed optical access by both the desorptlon and inter-
rogation laser beams. 12 Ions were again detected by a channel-electron multlptler, and the
signal processed with either the boxcar integrator or transient recorder (T~2ktront.x 2430). n-M
latter was very trnportant stnce the muluplex detecUon allowed acqulsltton of a full mass spec-
trum for each laser shot. and factitated the observation of transient signals. The mass reso[ut.fon
of this instiment was ‘2 au ~ the range 2-200 au. A base pressure of S1 x 10-7Torr was
maintained by a L-N2 trapped oil diffusion pump.

Resorption/damage was mttated by the fundamental (1.06 p) output of a Nd+a:YAGlaser
(Quanta Ray/Spectra Physics Model DCR 1A). The laser was equipped wtt.h filled-beam opucs,
and produced a beam whose spat.lal profile was somewhat more sharply peaked than for a
gausshan beam. The Q-switched output was 10 ns iWHh4 in duration, and smooth wtti the
resolution of our electronics (-2 ns). The output of Ws laser was focused to a diameter of 500 1A
at the front surface of the sarnpfe of interest. Beam d~ameters were determined by bum patterns
on photographic fflmls.

The ~Urningsequence was initiated by the Q-switch synch-out from the YAGlaser. When
using the quadrapole mass spectrometer, thts signal trtggered dtrectly the boxcar averagw gated
to accept signal from laser-generated species. In experiments using the Urm-of-fllght mass
spectrometer. the YAGlaser synch-out was passed through a vartable deiay (Tektronix
7904/7 B85), a pulse generator (BNC 8010) and then to the trigger of a XeCl excimer laser
(Lambda physics EfifG 10 l). The W output from this laser -s used to pump a tunable dye laser
(Lmbda physics FL 2002) which could then probe. vta mult.tphoton Ionizauon, the rnatertal
spalled by the laser damage event. TYPlw.1pulse energtes were 1-5 mJ (12 ns FWHM) at 394 nm
using the laser dye QU1 (Iaribda Physics). The identity of the spalled matertal COUMbe deter-
mined by ion tliqht Umes and by varylnq the Ionization wavelength, while velocity distributions
could be measured by changing the delay between the damage and Interrogation lasers.

3. Results and Discussion

Since the type of Information obtained for the two sets of samph=s was qualitatively different.
tiey shaU be discussed separately.

3,1, AL203/ S102 multilayer-coated S1 substrate,

WO samples were examined, one havtng a relauvelv high macroscopic damage ?Areshold
(10 J/cmZ @351 rim), while the other exhibited a low &eshold (5 J/cmz @ 351 run). Figure 2
shows typical low senslttvtty mass spectra for either sample obtained wtth the quadrapde mass
spectrometer system. and 70 eV elr..ctrons. me bottom trace IS due to background gases (no
sample lrradtatlon), and exhibits small peaks cones ondlng to water, nitrogen. restdual hydro-

/carbons, argon and carbon diodde, At low fluences I-3 J/cm2 O 1,(,)6p). as damage was Just
begtnriing, results were typlfled by trace b, which exhibits an tncrease in the water-related slgrlal
(mass 16- 18). and the appearance of aluminum (mass 27) and slhcon (mass 28). At higher
fluences (7-10 J/cmZ @ 1,06 @, or !onger mdlatior, r.lmcs, the dfelectrtc coating was removed,
and a stgrlal due prtmarlly to bulk silicon was ob~e~, Fig, lc. When a htgher sensltlvtty was
used, it was possible to detect a number of other gpetjeg, IIOth IOn.tC and neutral, h the laser
generated plume (see Table I). In most experiments, the signal due to neutral spedes WAS2100
Urnes the signal due to prtmary lons~t (those generated directly by 1.06 P pulses). It 1s
tntcrestlng to note that the carbon long and tleu~~s were obge~ed only for the low damage
threshold sample, suggesting a correlation wt~ the pregence of Ms trnpurtty.

Our ~eriments ~howed a factor of 10 decrease In signal for Sla+ relative to S1+, and mother
order of magnitude decrease for Sl~+ relatlve to S12+. Although the large sihcon clusters rcponed
in some previous laser vaportzatton studies *3were not seen in th19 work. MS is not surptismg
since the vaporization) and expamlon .tmditions were dramatically different. In the pre’~ou~
StUdlCS. the irradiation Irttensitles were c~nsiderably higher, which should lead M a higher bcd
den.sitv of gas phase MCOII atoms, and the spidkd material was u a.nded thrm]gh a ~upcr~on~~
]ct, which should lead to an Inrreose in cluster formation, rBoth o these effects tend to skew the
prcvtou$ly obscwed dlst-ributions toward higher cluster sizes,
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Figure 2, Low sensitivity mass spectra of laser-generated plunie from Al:OJ/Sit20 m*~ltlktver
coated S1 substrate, obtained with 70 eV electron Impact kilb~thn.
shows background gases. Tiace (b) show% a characteristic spectrum
iluence, whale trace (c) Is a typical trace for high fluence irradiation.

‘Lower trite (a)
for low laser

Table I. Ionic and neutral species cbsemed by mass spectrometzy in tl,e laser resorption/laser
ablation of coated optical samples.

Sample NeutraJ Speclew Ionic Specimb
——. — .—

A1203 / SI02 on .S1 c“, Al, SL Slo, Alj@ (2+,S1+. S12+, Si3+, SiOJ+

Al+, No+, A@+, 02+,

H30+

SC203 /S1{12 on 7940 !H, SC. Sco. 02, sqo~ Sl+, Se+, SC2+
Fe#

.— —— .—— —..
~Rcquircd post-resorption ionization (!ascr or electron-impact) to obseme by mass spectmmcq
Mons produced dlrrcdy in the resorption process
“Indim,tes only obsetwable in lowdama~e threshold sample
~lndicatcs triUiSiCI)t signal [see text for {irtalls)

————. .-. .——.. .— ——. -



Figure 3 displays the Ume-dependent N+ sign~ due to 70 ev electron mpact ionization of
neutrals removed horn the surface by laser resorption. TMs data was acqured at low fluence
(1,5 J/cmz @ 1.08 W corresponding the onset of d-age at this site. After the trutial few
hundred laser shots, It appears that there iS .ame perhdicity (see tick marks on the upper
horizontal =W. cofiespondtig to a period of ‘1200 laser shots. supedmposed on a roughly
exponentlaf decay tn this signal. This suggests that we may be observing layer by layer removal
of the muhllayer dielectic coatig. alt.hou@ we radial growth of the damage spot may certainly
be occmtng concurrently. Roughly comp~enw behatior was obsemed for the SI+ signal
(periodlcity, with a phase ch-lft relauve to tie autinu.m signal). although for silicon. the inter-
pretation (s complicated by the 28 au background due to molecular nitrogen. In spite of this
interference it was very clea.~ from a spectacul- flse in the sillcon signal. with a concomitant
drop In the aluminum signal. when the coamgs were removed completely and the substrate
matellal irradiated directly.
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Figure 3. Time-dependent Al* signal generated from electron-t.rnpact ionization of plume
desorbecf at low fluence from the Ai203/Si02 multilayer coated Si substrate. Tick
marks on the upper vert.iral axis are coincident with periodic maxima in he signal.

3.2. SC203 /Si02 mult.ihyer coated 7940 substrate

Table 1. shows the species typically ob.,erved in the plume of material spalled horn hvo
samples (high damage threshold, 10.3 J/cmz @ 351 mm and low damage threshold, 3.8 J/cm
@ 351 run ) of the SC21S3/S102 multifayer coated 7940, Those species not designated as
transient were detected vta 70 eV electron impact in the quadrapole mass spectrometer, and
could be obsemed for e.~tended pertods (2103 laser shots) at low fluence (1-3 J/cmZ @ 1.OtJp)
irradiation of a single site.

The “transient” species were obse~wed only by TOF mass spectrometry, in combination with
laser lGnizaUon. Figure 4 shows typical ?’OF mass spectra, wttA the lower vertic:d a.xls tndicm.ing
flight Ume, and the upper cofiespondir?g to mass, The !ower trace (al Is the (null) mass spec.
trum obsemed when the YAGlaser ties, but no photons trnptnflc on the sample, l%is display is
the result of a four-shot average. and displays the mass range from -4 to 250 au. ‘l%edeflection
immediately followtng t=O Is the result O! r.f.l. due to firing the ionization {e..cimcr.pun]ped dye)
laser, The time between firinq the rfesrxption- and exc!mcr lasers (U14 MS)was adjusted to
address particles having a vt!lcmtynwrnrl to the surface of -17xlt.E cm/s, This time tlr’lay was
found cmpirtcally to m~wmize the observed Signid.

The middle trace (b) of Ftfi. 4 Is typical of the mass spectra obsciwed when the desorp~,on
Iascr flucncc is just sut’flcicnt (100 mJ/cm~) [o produce any detectable signal. In this ci-ise, th(*
only ohscnmble slqrml kqulvalcn[ to 1-2 Ions dctcc[cd prr Iascr shot) rxx :Irs at mars 56. Sirlc(*



the io-uon laser iS tuned to the 5Gs (50703.9 cm-l) - 5G4 (0.000 cm-l) W-photon transi-
tion tn iron (394.4 nml. ad s~ce the observed sign~ IS shwly pe~ed at WS wavelength. both
the mass and opUcaJ spectr~ signatures WXest that were are obseting ~on desofoed from the
sample. 16 It IS mpo~~t to note that for a p~cul~ location on the s~nple. thk sfgnal could
only be obsemed for 2-6 shots at a given fluence of the resorption laser. In order to obsewe
subsequent signal, either the location of @adiaUon had to be changed or the fluence raised. The
uppermost trace (c) of Fig. 4 shows a sign~ generated at signiftc=@’ higher fluence (6.4 J/cmZ).
In addition to the tron sign~ obse~ed in Uace (M, signal IS now alSO present at 28 au. come-
spondlng to sdicon. and at -106 au. comespondtig to SC20. Note that although the 28 au and
106 au signals are smtier than mat obser :d for 56 au. this does not necessimly tndicate that
more iron is being removed from tie sufiace thm siucon or scandium. Since ionization is
affected by a rnultiphoton pllot~~on~ation Process in which the lonlzaUon wavelength is tuned to
resonance with an tron transition. t-he Ionizauon efficiency !s expected to be much greater (by
perhaps 102 to 100) than for tie non-resonant ion~ation of sfllcon- or sc~dlum-cont~~g
fragments, Based on previous results with this apparatus. 12.17and the magnitude of the observed
iron sl.gnal. the number of grounff stale iron atoms removed from the suiiace ties tn the range
10~-105 assum~g the distribution Is spatially kotroptc and kinetically thermal. It shou!d be
noted that this does not place an upper hit on tie total amount of material removed from
these pits. Iron clusters, coating material and other trnpurities may be desorbed and detected
with much lower efficiency than for ground state tron atoms.

Figure 4,

These
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Ttme-of-flight mass spectra of laser-generated plume from SC20S/Si02 multilayer
coated 7940 substrate. obtained with laser muhiphoton photoionization at 394 nm,
Trace (a) was generated wtth no plume present, and shows only r.f. i. pickup at t=O,
when the Iont.zation laser fl.res, Trace (b) displays a signal at mass 56 (Fe) due to low-
fluence irradiation of the sample, while trace (c) showm addlttonal signals at mass 28
(SI) and mass 106 (SclO).

results can be profitably compared witi] e~ldence provided by Nomarski photographs
of the samples, Figure 5 displays. at 420x magnffmation, a section of the sample prior to Iascr
irladimon (upper level), whil~ ‘he central feature shows the results of Irradiation below the
Iluence necessary to initiate ~ltacroscopic damage. Irradiation conditl.ns were similar to those
used to obtain the mass spectrum in Fi 4b. A number round pits, tipproxmatcly 10 ~ in dlam -

fetcr, CM be observed WI[hlrl the !Icld o view. A slight shading In, the !,;lckgrol]nd sumollndlrlg
thC5e pits can also be obscmt, d in sonic Insmm!s, $u~estil;~ (Iat snrr;r! :hcrrnal drf~~llalloll



occurred. Several of these ckcular ble~shes were WIMcfly obse~ed WIW.n the (YAG)laser
footpmt following experiments in whJch a transient tion SIgnaJ ws obsemed. In addiUon. the
densi~~ of these pits increases Wth the m-urn fluence to w~ch tic sample was exposed for
the mass spectrometrtc diagnostics. Figure 5 (lower right) shows. for comparison, a macro-
scopic dama~e feature produced by - met.mer laser ti tieshold damage testing. Several
features should be noted. First. the d-age test figure appe=~ to be both l=ger and deeper than
the ctrcuiar features of 4b. And secondly. a c~cu1ar feature. s~fl= ‘O those W 5b. can be seen to
the left of center in the damage pit. In fact. for ~ cases in wMch a macroscopic damage feature
was photographed, one or more of these C~CUl~ featwes was obsened Wti the damage
footprint. In addition. each of these clrc~llar features appear to have grown from Its center is

marked by a deeper central d,amage site.

LASER INDUCED
DAMAGE

Figure 5. Nomarsld rnlmographs (420XI of Sc203/S102 multllayer coated ?940 substrate.
Upper left shows an unlrradlated surface. Lower left displays a surface subjected to
low-fluence trradlatlon. while lower right shows a surface subjected to high-fluence
trradlaUon. resulting in macroscopic damage,

TIN appearance of smad pits wtthln the irradiated area. and the concomitant detection of
Lron emission from the solace, strongly suggests a correlation. We belleve that the observed
signals are due the presence of small, iron-coctalnlng micro-inclusions in the opUcal coattngs.
Low fluence lrradlaUon removes near-surface contaminants With minimal damage. tile higher-
f!uence lrradiaUon may remove more deeply lrnbedded. or lower suscepUbllMy, contaminants,
with concomitant removaI of surrounding coaUng material.

Thts interpretation is consistent wtth a number of obsemaUons. In particular. previous
reports~s. Is have cited a Iaser-annealing effect. That Is. a gradual tncrease in the fluence wlr-h
which a sample IS krnd]iimd results In a higher measured damage threshold than for immediate
!wadlatton at high fl~ences. ‘Ills can be rationalized by low fluence removal of tncluded Irnpur-
Ittes below the threshcld for macroscopic damage. In addition, the associaUon, In our tuperl-
ments, of the circular pits wtth the macroscopic damage sites suggesu that at high flucnccs,
absorption by impurity Inclusions can rrsult tn a high local temperature m !Md to cause macro-
scopic damage.



In conclusion, the combination of a method (IWMS)having high sensitivity. and good spatial
and temporal resolution, with an Imaging capability. such as micrography. prowdes a powerful
tool for the study of opttcal damage processes. Imaging capabilities are vital. tn general. for the
detectton of hhomogenously dis’uibuted impurities. Work is under way to introduce imaging
capabilities directly tnto RIMS analysis.
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